X-ray diffraction studies of ammonium myristate and palmitate show crystals that belong to space group P2 1 /n with the methylene groups packing in a triclinic subcell. The infrared spectra of the palmitate and stearate are similar as expected, but the bands of the myristate salt show additional splitting in the methylene rocking and twisting bands. A number of other factors of the myristate spectrum and of the infrared hole burning are unique as well. The differences show that the myristate salt has two molecules per spectroscopic unit cell, which are postulated to differ by small rotations of the polar carboxyl groups relative to the plane of the chain. A second form of ammonium myristate is found by crystallizing under different conditions.
I. Introduction
The arrangement of the hydrocarbon chains in lipids is a major factor in determining their three-dimensional structure. 1 Usually, at low temperatures, the hydrocarbon molecules are arranged into layers of adjacent all-trans chains. In compounds with a polar end, such as the fatty acid salts we consider here, the typical arrangement consists of bilayers with the hydrocarbons separated by sheets of the polar constituents. There are many variations of this layered arrangement, which can lead to different phases. For example, the different phases can have chains tilted at different angles to the bilayer planes. In addition, the polar components can take up different conformations. The challenge is to determine the various structures, to analyze and understand the delicate interplay of forces that lead to a given phase, and then to relate the structure to the properties of the phase.
Almost all fatty acid compounds have more than one solid phase at a given temperature and pressure. The phases can be related to one another as polymorphssdifferent arrangements of the chains in the crystal. 1 For example, stearic acid has several polymorphs, [2] [3] [4] [5] [6] [7] [8] [9] [10] with the number of distinct forms and identification not yet certain. 11 A subset of such polymorphs are "polytypes", which differ from one another only by different stacking arrangements of otherwise identical layers. For example, the B-form stearic acid has two polytypes. 10, 12 Each series of homologous compounds has a unique set of phases, and the stearic acid examples are just illustrations of the possibilities.
The physical properties of fatty acid soaps are tremendously varied. 1, 13 Most previous studies focused on the metal soaps because of their technological and biological importance. These also exhibit complicated polymorphs, and for example, the evennumbered potassium soaps exist at least in three different forms, 1 and it has been shown that the structure changes with the cation. In this investigation, we examine mainly the conformation of the chains in the fatty acid ammonium salts and their intralayer interaction. We use a number of tools to elucidate the lowtemperature phases of the salts. These tools include differential scanning calorimetry, X-ray diffraction, and infrared spectroscopy. We assign the infrared spectra following the methods of our study of alkanes. 14 We also use our new technique of infrared hole burning spectroscopy, 15 which is sensitive to various relaxation processes and detects subtle conformational changes. We have previously reported the unit cell parameters of ammonium stearate and the spectra produced by hole burning in that compound. 16 In the present work, we present structural and spectral data on the ammonium myristate and palmitate and compare the results for the three compounds.
II. Experimental Section
X-ray Diffraction. The crystals of ammonium myristate, palmitate, and stearate were prepared by the vapor diffusion method. 17, 18 The fatty acids, dissolved in an alcoholic solution with concentrated ammonium hydroxide, were placed in small vials. To obtain appropriately sized crystals for X-ray measurements of the myristate and the stearate, small open-ended capillaries with a diameter of 0.2-0.5 mm were partially submerged in the solution, with one end protruding through the top cover of the vial. This sample vial was then put in a sealed jar together with two other open vials, one filled with acetonitrile, which slowly diffuses to the sample vial and precipitates the crystals, and the other with concentrated ammonium hydroxide, which maintains the ammonium concentration. Crystals form in the solution and in the capillaries, and those in the capillaries can be mounted for the X-ray studies without manipulation. Methanol, a 50-50% ethanol/butanol mixture, and ethanol were used as solvents for the myristate, palmitate, and stearate, respectively. We also examined a sample of the myristate crystallized from butanol. The palmitate samples crystallized from solution by the same method proved to be suitable for X-ray studies without the use of capillaries.
The crystals of the salts become softer and more fragile with increasing chain length. Even though ammonium stearate crystals of the appropriate size could be obtained using the vapor diffusion method with ethanol as the solvent, the X-ray reflections were not indexable because of imperfections in the crystal. Other solvents (chloroform, methylene chloride, hexanes, petroleum ether, toluene, acetonitrile, n-pentane, ethyl ether, and 1-butanol) were tried at different temperatures, but the crystals obtained also proved unsatisfactory. Even after considerable effort, we were able to determine only the unit cell parameters for the stearate.
A crystal of ammonium myristate of approximate size 0.04 mm × 0.09 mm × 0.29 mm in a capillary was used for the X-ray measurements at a temperature of about 180 K; for ammonium palmitate, a bladelike crystal of dimension 0.02 mm × 0.09 mm × 0.46 mm was mounted on a glass fiber using paratone hydrocarbon oil and examined at 145 K. All measurements were made on a Siemens SMART diffractometer equipped with a CCD detector.
Hole Burning and Infrared Absorption Studies. The samples used for infrared absorption measurements were prepared in small vials in the same way as for the X-ray diffraction studies. A polycrystalline sample was spread between two KBr plates that were then mounted in a cryostat. That the solvent was completely removed and all the acid completely converted to the salt were confirmed from the infrared spectrum at room temperature. The sample temperature was lowered to 7 K over the course of a few hours, and the sample was then left many hours to equilibrate before taking further spectra. The infrared spectra of our salts were measured with a Nicolet 850 FTIR spectrometer at 1 cm -1 resolution. For the hole burning studies, a small amount of D 2 O was added to the ammonium hydroxide to produce a low concentration of NH 3 D + ions. The hole burning setup has been previously reported. 19 An InSb detector was used for both the hole burning and absorption studies in the N-D stretching region, and each spectrum was taken with 64 scans. To cover the mid-infrared range, a MCT/B detector was used with 1024 scans per spectrum.
III. Structure
X-ray Diffraction. The X-ray structures of the myristate and the palmitate salts were determined and are summarized in Table  1 . The complete structure reports are included in the Supporting Information to this paper. Both salts crystallize in the space group P2 1 /n (no. 14). The unit cell dimensions of these salts and of the stearate are summarized in Table 2 . The lateral parameters a, c, and of the three salts are almost identical. 16 The b axes of the salts change in accordance with the chain lengths. The unit cells of the myristate and the palmitate are monoclinic, while that of the stearate is triclinic. However, the R and γ angles of the stearate are close to the 90°of a monoclinic crystal.
Comparing the two monoclinic compounds, we find that the CH 3 ends of the molecules are in the same positions relative to For samples that have repeated units, like the methylene groups discussed here, it is a useful simplification to describe the structure to a first approximation by a much smaller subcell; that is, the unit cell of a crystal consisting only of infinitely long chains. 20, 21 The hydrocarbon chains of various polymorphic forms are usually found arranged in one of a number of subcell packings, which are classified by the subcell symmetry. An additional specification indicates whether the neighboring chains are parallel or perpendicular. 1 The X-ray structures show that the polymethylene chains pack in the same manner in ammonium myristate and ammonium palmitate with the same triclinic parallel (T | ) methylene subcell. This might have been expected, since this packing is the same as for the B form of potassium fatty acid salts. 22 The dimensions of the subcell are listed in Table 3 . The packing of the chains can also be visualized by considering the lateral packing, that is, the packing in a plane perpendicular to the chain axis. 20 This axis is designated c o and the parameters of the lateral plane are then a o , b o , and γ o . They are listed in Table 3 together with the parameters for trilaurin (trilauroyl glycerol), the compound used to illustrate the calculation of lateral packing. 20 The similar lateral dimensions of the different compounds result from nearly close packing of the hydrocarbon chains. 23 Each ammonium ion participates in four hydrogen bonds ( Figure 2 ). As seen in Table 4 , the hydrogen bond distances (as measured by the heavy atoms) are similar.
Infrared Absorption Spectra. We have examined and compared the mid-infrared spectra of the fatty acid salts, especially in the methylene twisting, wagging, and rocking regions, which are sensitive to both chain conformation and packing interactions. 14 Infrared absorption spectra of ammonium myristate, palmitate, and stearate at 7 K from 500 to 1600 cm -1 are shown in Figure 3 . The methylene twisting and wagging bands are shown on an expanded scale in Figure 4 (1150-1400 cm -1 ). The methylene rocking bands are shown in Figure 5 (660-1140 cm -1 ).
Although the subcell structures of the myristate and palmitate as determined by X-ray appear to be identical, their IR spectra are significantly different. Many of the methylene twisting and rocking bands have more than one component for the myristate, whereas only one is observed for the palmitate and the stearate. For example, as Figure 5 shows, the rocking bands around 720 and 750 cm -1 split for the myristate but not for the palmitate and stearate. Splitting of the methylene twisting and rocking bands, which results from interchain vibrational coupling, is often observed in the infrared spectra of crystals containing polymethylene chains. The existence of this splitting is usually determined by the symmetry of the methylene subcell. 14, 24, 25 Since the myristate and palmitate apparently have the same subcell, we must look elsewhere to explain the difference in the spectra. The splitting observed for the myristate suggests that the spectroscopic (primitive) unit cell associated with a single layer of the myristate chains contains two chains. A possibility is that each molecule of the pair has the carboxyl groups rotated slightly about the CH 2 -COO -bond to reduce the unit cell symmetry from what it would be with molecules of identical conformation.
That the carboxyl group can affect the spectra of these three salts is indicated by the presence of bands representing all the methylene twisting and rocking modes instead of every other one as occurs in the spectra of the n-alkanes. The presence of the COO -group reduces the symmetry of an individual chain compared to that of an alkane, allowing more infrared modes. The strength of the bands indicates strong interaction between the COO -group and the rest of the chain.
To reiterate, although the presence of the carboxyl groups accounts for the existence of all the methylene twisting and rocking modes, a further distortion of the chains is necessary to account for the splitting in the myristate. In keeping with the conclusion that the chains differ in the myristate, the intense bands in the CO stretching regions differ between the myristate and the other salts.
The IR spectra do confirm the diffraction finding that all the CH 2 -CH 2 bonds of the chains are in the trans conformation. The bands in Figure 4 are members of twisting and wagging progressions, and those in Figure 5 are of rocking progressions. The bands of each progression can be labeled by a phase angle φ k , where k labels the wave vector, and a plot of frequency of each band against the phase angle φ k ) kπ/(m +1), k ) 1, 2, ..., m, results in a dispersion curve. For the wagging modes, m is the number of methylene groups in the chain, while for the twisting and rocking modes one is added to m to account for the coupling to the methyl group. 26-29 Figure 6 shows that the rocking bands of all three fatty acid salts fall into the same dispersion curve, and this is also true for the twisting and wagging bands. Therefore, all the alkanoate chains have the same conformation. The assignments of these progression bands are shown in Tables 5-7 .
How can the X-ray structures appear to be the same for the myristate and the palmitate, while the infrared spectra show them to be clearly different? The thermal ellipsoids for the two compounds differ as shown in Table 8 . In particular, the thermal ellipsoids are uniformly larger for the myristate. For example, for the second oxygen (O2), the isotropic B factor is 4.1 ( 0.2 for the myristate and 3.0 ( 0.2 for the palmitate. The direction of the apparent thermal motion also differs, as can be seen most easily from expanded ORTEP plots of the myristate and palmitate (Figure 2 ). The thermal ellipsoids are larger for the myristate than the palmitate at all comparable positions, which suggests some disorder (either static or dynamic). A rotation of the carboxyl group is consistent with the X-ray and infrared evidence, but the displacement of this group is small and maybe hidden in the thermal ellipsoids. 30, 31 We have also found a second form of ammonium myristate in crystals grown from butanol solution. These crystals have very different infrared spectra with a very complicated methylene twisting region. They may contain chains in a conformation with a gauche CH 2 -CH 2 bond nearest the carboxyl group. The crystals may be similar to the A-super form of the fatty acids (like lauric acid 7 ) in which there are two sets of chains with different conformations. One set has all the carbon atoms in a plane, but the other has the carboxyl group rotated at the C1-C2 bond. We call this second form of the myristate, "A" and call the form we investigated more thoroughly, "B". In the case of potassium soaps, for soaps containing 4-12 carbon atoms, the A form is preferred, while for soaps containing 12-18 carbon atoms, the B form is the preferred polymorph. 1 Assuming ammonium soaps follow a similar pattern, the myristate salt, containing 14 carbon atoms, can form either the A or the B polymorph, depending on the details of the crystallization conditions. Differential Scanning Calorimetry. To find further evidence for this new phase, DSC measurements were carried out on the different samples of the ammonium myristate using a Hart Scientific model 707 calorimeter. The calorimeter was run with the temperature increasing or decreasing at the rate of 25°C per hour in the range from 18 to 95°C.
With increasing temperature, the two different forms of ammonium myristate, B and A, show different DSC curves, as shown in parts a and b of Figure 7 . The curve for the B form remains the same for three successive run cycles and is very similar to the DSC curve of ammonium stearate, which also crystallizes as the B form (Figure 7c) . However, the curve of the A form of the myristate lacks the small peak at 82°C seen for the B form of the myristate and the stearate. The B-form ammonium stearate and ammonium myristate also have pretransition peaks at 78 and 68°C, respectively, whereas the pretransition peak of the A-form myristate changes drastically depending on the previous history of the sample (Figure 7b ). We should note that the corresponding potassium soaps show many DSC peaks and thus many phases at temperatures below that of their main transitions. 32 
a The myristate (14 carbons) at 180 K; the palmitate (16 carbons) at 145 K.
Infrared Hole Burning. Our hole burning technique employs ammonium ions containing a small amount of deuterium to form NH 3 D + ions, which can have four different orientations in the crystal. 15 When the laser is set to one of the N-D stretching frequencies, the excitation rotates the ammonium ion. A hole burning spectrum, which is the difference between the absorption spectra before and after the laser irradiation, reveals the population change for each orientation. We normally observe a population decrease (spectral hole) in the band that arises from the irradiated orientation and population increases in the other bands (spectral antiholes).
The hole burning spectra for partially deuterated (∼5%) ammonium myristate, ammonium palmitate, and ammonium stearate from 2120 to 2300 cm -1 are displayed in Figures 8-10 . The bottom panel of each figure shows the absorption spectra with the dark curve for the sample containing the partially deuterated ammonium ion salt (NDH 3 + ) and the light curve for the nondeuterated one (NH 4 + ). The difference between these two (not shown) reveals the features due to the N-D stretching vibrations. The results of fitting the N-D feature to a sum of Lorentzian bands are summarized in Table 9 . As the chain lengthens, the frequency distribution of the N-D stretching bands narrows (67 cm -1 for myristate but only 28 and 17 cm -1 for palmitate and stearate) and the width of the component bands decreases. The width (fwhm) for the narrowest component band is 12.1 cm -1 for myristate but 8.6 and 6.2 cm -1 for palmitate and stearate, respectively.
The upper panels of the figures show the hole burning results as the difference between the spectra before and after laser irradiation. The laser burning frequency (ω B ) is set near one of the N-D stretching bands and is specified on each displayed spectrum. The hole burning efficiency varies greatly for these three fatty acid salts. For ammonium myristate, we irradiate for a half-hour to produce observable hole burning patterns, while 2 min irradiation with the same laser power is sufficient for ammonium stearate and ammonium palmitate.
The hole burning patterns differ in detail among the three compounds. For the myristate (Figure 8 ), we find only three frequencies that produce observable hole burning patterns rather than four; indeed, we could not find the expected fourth band in the absorption spectrum either ( Table 9 ). The hole burning spectra have very small holes and antiholes, and so the spectra are noisy compared to the spectra of the other two salts. Only one small antihole at 2190 cm -1 appears in the spectra, but it is possible that other antiholes would be evident if the spectra were less noisy. For ammonium palmitate, again only three of the N-D bands produce observable hole burning patterns instead of the four component bands identified by fitting. The fourth band may be difficult to burn because of its low intensity. In addition, because the N-D frequencies are close to each other in the palmitate, it is hard to see the separate antiholes. However, we do see an antihole at each of the three positions with the smallest antihole at about 2226 cm -1 (in the spectrum with the laser irradiation at 2217 cm -1 ). There are four burnable bands in ammonium stearate, but the antihole patterns are even more difficult to observe because of the closer distribution of four N-D frequencies. Significantly, the holes and antiholes are at the positions of the individual bands found by fitting the absorption spectra. As we have noted before, 16 the holes are in these positions even if the laser frequency is offset.
The hole burning process prepares the ammonium ion in a nonequilibrium distribution, which then relaxes slowly back to equilibrium. The holes are found to decay too slowly at 7 K, and so the relaxation measurements were done at 52 K for ammonium palmitate. We followed the change of the hole depth of the irradiated bands as functions of time and found the decay to be exponential. The half-life is 21 min for irradiation at 2217 cm -1 , 11 min for 2226 cm -1 , and 22 min for 2234 cm -1 .
IV. Summary
We have studied the series of ammonium salts of the fatty acids with 14 (myristate), 16 (palmitate), and 18 (stearate) carbon atoms. The X-ray patterns of the myristate and the palmitate yield a crystal structure with the methylene groups arranged in a triclinic subcell. The X-ray study of the stearate yields only the parameters of an unit cell consistent with the same subcell structure. However, infrared absorption and hole burning studies show that the myristate is distinct from the other two and has a structure with two molecules per spectroscopic unit cell. The other two salts have one molecule per spectroscopic unit cell. We suggest this doubling comes from small displacements of the carboxyl groups in the myristate. The hole burning studies reveal systematic differences in the N-D stretches of the three salts. The frequency spacing between the four N-D stretches is different in each compound, and this implies that the hydrogen bonding to the ammonium groups is different as well. The widths of the N-D absorption bands also varies. The hole burning efficiency is different in the three salts, but the relationship between the geometry of the ammonium site and this efficiency remains to be understood. The decay of the holes was investigated for ammonium palmitate, and the holes were stable at 7 K. At 52 K, they decayed with half-lives of about tens of minutes.
When the myristate was crystallized from different solvents, a second crystal form is found, as shown by DSC and infrared absorption. This form probably has the chains arranged in a complex structure analogous to the A-super form of the fatty acids.
This paper illustrates the rich diversity of crystal structures exhibited by long-chain compounds. This diversity is revealed by a combination of X-ray and infrared absorption studies. The hole burning uncovers further details of the vibrational spectrum: the positions of the individual components of the overlapped bands and relaxation times for rotation of the ammonium ions. Understanding the relationships between structure and the spectral signatures remains for the future.
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